As surgery and chemotherapy may act as adjuvants providing antitumor immunity benefits, we ran phenotypical and functional immunomonitoring in patients with resectable pancreatic adenocarcinoma and advanced metastatic disease receiving combined treatment (cisplatin, gemcitabine, 5-FU). Blood was taken before/one month after resection; before/ during chemotherapy. Controls were age-and gender-matched. Circulating lymphocyte, myeloid and plasmacytoid dendritic cell (MDC and PDC) subsets were examined by flow cytometry; functional activity by mixed lymphocyte reaction (MLR) for DC allostimulation, through 4-h 51 Cr-release assay for Natural Killer (NK) and lymphokine-activated-killer (LAK) cell cytotoxicity; ELISA for spontaneous/activated cytokine release by PBMC and T cells. Significant differences occurred in several parameters between pretreatment patient and control values: fewer CD8 + cells and increased apoptosisprone CD3 + /CD95 + lymphocytes, higher frequency of MDC, reduced allostimulatory activity by ex vivo-generated DC, depressed LAK activity, elevated IL-10 and IL-12p40 production; impaired IL-12p70 and IFN-Á production by stimulated PBMC and T cells. Only IL-12p70 level was correlated with survival. One month after radical, but not palliative surgery, the percentage of T-lymphocytes coexpressing CD3/CD95 decreased significantly, the stimulatory capacity of DC increased, and LPS-induced IL12p70 release by PBMC rose concomitantly with the anti-CD3 stimulated-IFN-Á production by T cells. In patients with locally advanced or metastatic disease, one and/or two combined drug cycles increased percentage of CD4 + cells and LAK cell cytotoxicity and decreased PDC frequency and spontaneous/LPS-stimulated IL-10 by PBMC. Results suggest immunological changes induced by surgical resection/ combined chemotherapy indicate specific precisely-timed windows of opportunity for introducing immunotherapy in pancreatic cancer, possibly improving survival in this highly lethal disease.
Introduction
The typical late presentation of pancreatic carcinoma and its clinicopathological behaviour give the disease a poor prognosis with little chance of a cure under present management (1) . Curative resection remains the most important factor determining outcome for resectable tumors. However, the resection rate for pancreatic carcinoma is only 10% and the overall five-year survival rate after resection is still only 10 to 20% (2) . The majority of the patients have either locally advanced disease that is not amenable to surgical resection, or metastatic disease that is frequently refractory to standard forms of chemotherapy (3) .
In the last decade, the availability of several active new drugs has improved the efficacy of combination regimens and substantially increased the response rates of several refractory tumors (4, 5) . However, recent randomized trials testing combined chemotherapies in pancreatic cancer indicated the regimen to be feasible, but without any major advantage over single agent treatment (6) .
At the molecular level, it is generally believed that the anticancer properties of chemotherapic agents derive from activation of apoptosis pathways and/or the arrest of celldivision (7) . However, several lines of evidence indicate that antitumor drugs might mediate their effects by other modes of action. In experimental and in vitro models, some drugs used to treat pancreatic carcinoma, such as cisplatin, gemcitabine and 5-FU, have in addition to their cell-autonomous antitumor effects, demonstrated indirect activity on host immune system, by increasing the cytotoxic response and/or enhancing cancer cells' sensitivity to the killer action (8) (9) (10) (11) .
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Active tumor-specific immune responses in pancreatic cancer patients have been clearly established (12) . However, the host's defence against the tumor does not appear to be effectively induced, suggesting the capacity of tumor cells either to hide from immune cells, by avoiding recognition, or to disable or eliminate immune cells.
Multiple lines of evidence indicate that the main escape strategies of tumor cells against cell-mediated killing are altered local interactions between cytotoxic T lymphocytes (CTL) and the tumor cells (13, 14) , and the release of a variety of soluble molecules that depress T lymphocyte responses and dendritic cell (DC) activity. These latter include Transforming Growth Factor (TGF)-ß and Interleukin (IL)-10 (15). Other released molecules lead to the induction of apoptosis in activated CTL, such as the Fas ligand (16) .
Pancreatic carcinoma cells have been shown to spontaneously secrete these cytokines in vivo, thus defending themselves against immune attack or down-regulate the host's immune system (17, 18) . Moreover, systemically elevated serum levels of the potentially immunosupressive cytokines IL-10 and TGF-ß, as well as T and DC subsets favouring tolerizing conditions, have also been reported in pancreatic carcinoma patients (19, 20) .
Given the multiplicity of regulatory pathways that shut off tumor-specific immune responses, it is not surprising that most clinical trials testing active immunotherapy as a single intervention in patients with advanced pancreatic cancers have failed to demonstrate any bioactivity clinically (21) .
Accumulating data suggest the benefits of rationally combining active immunotherapy with surgery and chemotherapy in a rational fashion (22) (23) (24) (25) . It is thus imperative to investigate the impact of the current therapeutic modalities on tumor immunity. The aim of the present pilot study was to examine the immunomodulating properties of potentially curative resection or chemotherapy in patients with pancreatic carcinoma.
Materials and methods
Patients. The study was conducted on 16 consecutive patients (12 men and 4 women) diagnosed with pancreatic carcinoma at the Department of Clinical Oncology, San Giovanni Battista (Molinette) Hospital, Turin, Italy, between March 2005 and September 2005. None had undergone anticancer treatment before entering the study. All participating patients were required to give informed consent before entering the study and the procedures followed were in accordance with the Helsinki Declaration. The median age of the patients was 65 years (range: 52 to 83 years). The tumors were classified according to the UICC Staging System (26) as follows: stage II, n=1; III, n=1; stage IVa, n=3; stage IVb, n=11, of which eight with hepatic metastases, one with lung and hepatic metastasis, and two with peritoneal metastasis. None of the patients had undergone radiotherapy. Nine patients underwent surgical tumor resection, four radical and five palliative. Two of these latter underwent gastroenteroanastomosis (in one case the disease was locally advanced; in the other peritoneal metastases were present). Three underwent resection with macroscopic residue (R2) and at surgery metastatic disease was detected (in two cases in the liver and in one in the interaortocaval lymph node). Seven patients did not undergo surgery as their tumor was non-resectable. Three did not start chemotherapy owing to early death from advanced disease or clinical deterioration. One patient died of coronary artery disease (CAD) three days after radical surgery; one had no need for medical treatment after radical surgery. Eleven patients underwent chemotherapy for locally advanced and/or metastatic disease. The planned combination chemotherapy consisted of cisplatin (20 (27) . Immunological parameters were measured on the day of admission (time 0) before surgery or chemotherapic treatment, and, in parallel to the evaluation of the clinical course, one month after surgery or after each 56-day cycle of therapy. All patients were observed until they died or dropped out, or until December 2007. Fifteen patients (94%) died; 14 of these (87%) died of the disease and 1 (6%) died of other causes. At the end of December 2007, only one patient was still surviving, after radical surgery and 8 months of chemotherapy.
Cell isolation. Peripheral blood (PB) from patients was collected in heparinised tubes, before surgery or before the first chemotherapy cycle and subsequently after tumor resection or after each cycle. Blood from age and gendermatched hospital staff volunteers was collected in parallel as control. PB mononuclear cells (MC) were isolated by centrifugation over Ficoll-Hypaque density gradient. Lymphocyte (PBL) were obtained by depletion of plastic adherent monocytes.
Flow cytometry analysis.
To determine lymphocyte subsets, PBL were used for single or two-color cell surface labeling using the following monoclonal antibodies (MoAb): FITCconjugated anti-CD3, -CD4, -CD8, -CD56, -CD19 and phycoerythrin (PE )-conjugated anti-CD95. Circulating myeloid and plasmacytoid (MDC and PDC) subsets were measured by three-color flow cytometry as described elsewhere (20) . PBMC were stained with lineage MoAb cocktail (LIN), consisting in FITC-conjugated anti-CD3, -CD14, -CD16, -CD19, -CD20, -CD56 mixture; PerPC-labelled anti-HLA-DR and PE-labelled anti-CD11c-or anti-CD123. All MoAb and FITC-, PE-and PerCP-conjugated isotype control murine MoAb were obtained from BD Pharmingen (San Diego, CA). Cells were stained with MoAb at 4˚C for 30 min. After washing, labeled cells were analyzed using an EPICS IV (Beckman Coulter, Inc., Fullerton, CA) flow cytometer. MDC and PDC were defined as LIN  -(CD3  -, CD14  -, CD16  -,  CD19  -, CD20  -, and CD56  -)/HLA-DR  + /CD11c  + and LIN   -(CD3  -, CD14  -, CD16  -, CD19  -, CD20  -and CD56  -)/HLA-DR  + /  CD123 + cells, respectively, as reported elsewhere in details (20) . The incidence of each subset was expressed as a percentage of LIN -HLA-DR + PBMC. In addition, the MDC:PDC ratio was determined for each subject at the time of sampling.
Generation of DC from adherent peripheral blood cells.
Human monocytes were isolated from normal donors and patients PBMC by selection of cells adherent to cell-culturetreated plastic surfaces (1x10 7 PBMC/ml, 2 h). DC were generated from adherent cells (1x10 6 cells/ml) in 6-well culture plates (Costar, Cambridge, MA, USA) in RPMI-1640 containing 10% heat-inactivated FCS and penicillin/ streptomycin (complete medium) supplemented with human recombinant GM-CSF (100 ng/ml) and IL-4 (10 ng/ml) (R&D Systems, Minneapolis, MN).
Allogeneic T cell proliferation assay. DC cells were used in primary mixed lymphocyte reaction (MLR) to stimulate allogeneic responder T cells isolated by negative immunomagnetic depletion of non-adherent PBMC from healthy volunteers using a monoclonal antibody mixture containing anti-CD14, -CD19, -CD20, -CD16 and -CD36 (BD Pharmingen) and MACS separation columns (Miltenyi Biotec, Bergisch Gladbach, Germany). Irradiated (30 Gy) DC from normal subjects or from the patients in the study were mixed with allogeneic T cells (2x10 5 Cytokine assay. PBMC from patients and controls were treated with bacterial lipopolysaccharide (LPS, 1 μg/ml) for 24 h to induce IL-10, IL-12p40 and IL-12p70 production while PBL were treated with plate-bound anti-CD3 MoAb (1 μg/ml) (Immunotech, Marseille, France) for 48 h to stimulate IFN-Á release. The supernatants were harvested and IL-10, IL-12 total p40, IL-12p70 and IFN-Á protein concentrations were determined with enzyme-linked immunosorbent assay (ELISA) using kits from R&D (Minneapolis, MN) for IL-10 and IFN-Á and from Pierce Endogen (Rockford, IL) for IL-12 total p40 and IL-12p70. The lower sensitivity thresholds were <3.9 pg/ml, <5 pg/ml, <3 pg/ml and <8 pg/ml, respectively.
Cytotoxicity assays. Natural Killer (NK) cell activity was tested in the PBL population against the NK-sensitive human chronic myelogenous leukaemia cell line K562. To test Lymphokine Activated Killer (LAK) cell activity, PBMC were cultured for 7 days with 100 U/ml human recombinant Interleukin (IL)-2 (Novartis Vaccines & Diagnostics, Inc., CA, USA). Lytic activity of these effectors were tested against the NK-resistant human Burkitt's lymphoma cell line Daudi. Briefly, effector PBL, freshly isolated or cultured with IL-2, were plated in 100 μl aliquots (2.5x10 6 cells/ml in complete medium) in 96-well V-bottomed microtiter plates (Costar). Tumor targets were incubated with 100 μCi of sodium [ 51 Cr] chromate (PerkinElmer) for 60 min at 37˚C and washed twice to remove excess isotope. A quantity amounting to 5x10 3 cells/well was added to the effector cells, to assess an effector-to-target (E/T) ratio of 50:1. After 4 h incubation at 37˚C in a CO 2 incubator, 100 μl of supernatant were removed from each well for isotope counting in a Á-counter (Packard, Downers Grove, IL, USA). Spontaneous and maximum release were estimated by incubating targets in medium alone or in medium plus 1 M of HCl, respectively. Spontaneous release did not exceed 15% of maximum release. In all cases, cultures were set up in triplicate and % specific target cell lysis was calculated as follows: [(experimental releasespontaneous release)/ (maximal release -spontaneous release)] x 100.
Statistical analysis.
Variables were compared by means of Student's t-test or a non-parametric test (Mann-Whitney) for intergroup comparisons. For matched pairs, Student's t-test or Wilcoxon's signed-rank test were applied. For survival analysis, patients were subdivided into quartiles and by median of parameters analyzed. Overall survival rates were analyzed using Kaplan-Meier curves and the related log-rank test. Differences were considered significant when p<0.05. All of the statistical analyses were performed using the SPSS software package (13.0) for Windows (SPSS, Inc, Chicago, IL).
Results

Decreased percentage of CD8
+ lymphocytes and increased CD3 + /CD95 + lymphocytes in pancreatic carcinoma patients. To investigate the basal immune system status of patients, lymphocyte populations were analyzed for specific surface markers by flow cytometry. PBL from healthy donors were used as controls. Patients had significantly lower median lymphocyte counts (1.8, range 0.87-2.2x10 6 /ml) than normal controls (2.1, range 1.1-3.8x10 6 /ml). In addition, as shown in When the data for MDC and PDC subsets for each subject were combined to determine the MDC:PDC ratio, patients exhibited a significantly lower mean value than normal controls (1.03±0.29 vs. 1.32±0.31, p=0.010).
We next assessed the stimulatory capacity of pancreatic cancer patient-derived DC preparations (n=16; prior to either surgery or chemotherapeutic treatments), compared to those from normal donors (n=12) in an allogeneic MLR. Although the yield of adherent cells in patients was close to control values (mean values respectively, 12.3 and 14.7%) the stimulatory capacity of DC from patients was significantly lower than that of controls [SI, patients: median 3.41, range 2.32-4.89 vs. controls: median 4.84, range 3.1-7.6, p<0.001 ( Fig. 2B) ]. Fig. 3 shows baseline cytotoxicity of freshly isolated PBL (NK) and IL-2-activated PBL (LAK) at effector-to-target cell Comparison of allostimulatory index from DC from pancreatic cancer patients before surgery and/or chemotherapy and controls. DC were generated by culturing PB adherent cells from patients and normal donors for 7 days in the presence of GM-CSF and IL-4. Cells were harvested, irradiated, and used to stimulate allogeneic T cells at a ratio of 1:20. T cells proliferation was determined using [ 3 H]-TdR uptake after 5 days of culture. The stimulatory capacity of DC in patients with pancreatic cancer was significantly lower than that of controls (p<0.001). Data are expressed as the median (interquartile interval) of Stimulatory Index (SI). Statistical significance was determined using the Mann-Whitney U test. Fig. 4 , PBMC from patients produced higher levels of IL-10, either spontaneously or after stimulation with LPS, than that from the control group (basal conditions, p=0.023; LPS, p=0.01). The resting levels of IL-12 total p40 production by PBMC from tumor patients and controls did not differ (p=0.1), however, after LPS stimulation, the difference was statistically significant (p=0.02). It was noteworthy that, in the cancer patients, both PBMC production of IL-12p70 induced by LPS and PBL production of IFN-Á induced in response to anti-CD3 exposure, were lower than in normal subjects (IL-12 p70, basal conditions: p=0.004; LPS, p=0.01; IFN-Á, basal conditions: p=0.48; anti-CD3 stimulation, p=0.002).
Alteration of LAK activities in pancreatic carcinoma patients.
Elevated production of IL-10 and IL-12p40 and impaired production of IL-12p70 and IFN-Á by stimulated-PBMC and T cells from pancreatic carcinoma patients. As shown in
Immunological parameters and overall survival analysis.
To define the clinical significance of the different immunological parameters in pancreatic carcinonoma patients, we analyzed the correlation between the immunological parameters evaluated and overall survival. No immunological parameters were significantly associated with patient survival except for IL-12p70 levels. As shown in Fig. 5 , the Kaplan-Meier curve for overall survival of patients, subdivided on the basis of the median of LPS-induced IL-12p70 pg/ml/1x10 6 PBMC determined by specific ELISA and univariate analysis, showed that patients with low LPS-stimulated IL-12p70 levels (≤88 pg/ml) had significantly shorter overall survival (p=0.007).
Effect of surgical treatment on the proportion of lymphocyte and DC subsets, cytokine production by PBMC and T cells, DC allostimulatory activity and NK and LAK cytotoxic activity.
Among the nine patients who underwent pancreatectomy (four radical and five palliative), only eight patients were evaluated, since one died of CAD three days after radical resection. Six patients were subsequently treated with chemotherapy for local advanced disease or the onset of metastasis. Post-operative analyses were performed approximately one month after surgery, when no patients had yet undergone any further anticancer treatment.
No significant difference in circulating lymphocyte numbers or frequency of the different subsets were detected between pre-and post-radical or palliative surgery (data not shown), with the exception of the percentage of the T lymphocyte subpopulation coexpressing CD3/CD95, which decreased significantly after radical resection (patients n=3, mean ± SE pre: 36.7±3.4, post: 13.3±2, p=0.006) and decreased but only at the limit of statistical significance after palliative surgical treatment (patients n=5, pre: 21.8±7.5, post: 10.4±3.5, p=0.05)
There was no significant change in MDC and PDC percentage or ratio one month after either radical or palliative surgery (data not shown, p>0.05). However, postoperatively, the stimulatory capacity of DC was significantly higher in patients who had undergone radical resection than in those receiving palliative surgery (radical surgery, SI median, range: preoperative 2. (Fig. 6A and B) . In addition, no significant difference in NK or LAK cytotoxicity was observed after surgery, in patients who had undergone radical resection nor in those who received palliative resection (p=1 and p=0.098, respectively, data not shown).
As shown in Table I , LPS-stimulated IL-10 production by PBMC was significantly reduced after radical tumor resection (p=0.04), but not after palliative resection. LPS-induced IL-12p70 release by PBMC increased significantly in patients after radical surgery (p=0.04), and remaine at the limit of statistical significance (p=0.05) in patients after palliative resection. Spontaneous and LPS-stimulated-IL-12 total p40 production remained unchanged. Concomitantly, in patients who had undergone radical surgery, the anti-CD3 stimulated-IFN-Á production by PBL also increased (p=0.03).
Effects of combined chemotherapy on the proportion of PB lymphocyte subsets. Of the sixteen patients, eleven underwent chemotherapy for locally-advanced or metastatic disease. Of the latter, five had not previously undergone surgery and were thus the only ones to enter the study: one patient completed four chemotherapy cycles (time 8), two received three cycles (time 6), one had two cycles (time 4) and the remaining one, who changed therapeutic protocol because of disease progression, only received a single cycle (time 2).
Lymphocyte counts indicated a decline in the absolute numbers in most subjects after the initial drug infusion (median 1.9, range 0.9-2.2x10 6 /ml vs. median 0.9, range 0.7-1.8). After two chemotherapy cycles (time 4), the differences in average absolute numbers of lymphocytes Table I . Effect of surgical treatment on spontaneous or stimulated cytokine production by PBMC and PBL. 
a Spontaneous (medium) and LPS-induced cytokine releases by PBMC were evaluated by ELISA in cell free-supermatants.
b Spontaneous (medium) and anti-CD3-induced IFN-Á release by PBL was evaluated by ELISA in cell free-supernatants. P vs. preoperative values. NS, not statistically significant. were not statistically significant from those prior to treatment (p=0.23).
-----------------------------------------------------------------------------------------------------
Individual changes in the different lymphocyte subset proportion after each course of therapy are shown in Fig. 7 . Table II shows that, considering only those patients (n=4) who completed the second cycle of chemotherapy, the mean percentage of CD3 + lymphocytes increased in patients after two chemotherapy cycles (time 4); however, it did not reach statistical significance (p=0.125). By contrast the CD4 + subset was significantly enhanced at any of the times determinated.
Effect of the combined chemotherapy regimen on the proportion of DC subsets and DC allostimulatory activity.
Individual changes in the MDC and PDC subsets and in the MDC:PDC ratio after each course of therapy are shown in Fig. 8A . In all patients, the PDC frequency tended to decrease after the first and/or second course of chemotherapy (time 2, time 4). Considering only those patients (n=4) who completed the second cycle of chemotherapy, there was on average a significant decrease in the relative proportions of PDC within the circulating LIN -DR + DC population after one (time 2) and after two cycles (time 4) of combined chemotherapy vs. before treatment (time 0) (mean ± SE, time 2: 35.55±2.5% vs. time 0: 31.5±2.6%, p=0.03; time 4: 35.5 ±2.5 vs. time 0: 31.25±2.0%, p=0.01), while the frequency of the MDC subset remained unchanged (p>0.05) (Fig. 8) . Nevertheless, no significant difference in the MDC:PDC ratio was observed at any of the times.
The DC function was also assayed in patients before and after each chemotherapy course. As shown in Fig. 8B Effect of combined chemotherapy on NK and LAK cytotoxic activity. NK and LAK activity increased after chemotherapy in two out of five patients concomitantly with enhanced production of IL-12p70 and IFN-Á (pt #1 and pt #6, Figs. 8 and 9). Considering only those patients (n=4) who completed the second cycle of chemotherapy, no significant difference in the cytotoxic activity of NK was detected before vs. after chemotherapy. By contrast, LAK activity was increased after the first (time 2) and second (time 4) courses of chemotherapy (p=0.041 and p=0.05, respectively) ( Table III) .
Effect of combined chemotherapy on cytokine production by PBMC. The spontaneous, LPS or anti-CD3 stimulated production of cytokines by PBMC and PBL cells, respectively, collected from patients after each course of chemotherapy was evaluated and compared with that measured at the time of diagnosis (time 0). As shown in Table IV, in general, no Table II . Effect of chemotherapeutic treatment on the proportion of PB lymphocyte subsets. 
-----------------------------------------------------------------------------------------------------Time -------------------------------------------------------------------------------Surface markers 0 (n=5) a 2 (n=5) 4 (n=4) 6 (n=3) 8 (n=1) -----------------------------------------------------------------------------------------------------
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a Number of patients evaluated.
b Mean of positive cell percentage ± SE. P vs. pretreatment values (time 0). Only differences statistically significant are presented. Figure 7 . Percentages of lymphocyte populations of each patient studied during the courses of chemotherapy. CD3, CD4, CD8, CD56, CD19 and CD3/CD95 expression in PBMC were quantified by flow cytometry. significant change occurred in LPS induced IL-12 total p40 and p70, and IFN-Á in comparison with pre-treatment values. By contrast, both spontaneous and LPS induced-IL-10 production significantly decreased at time 4 after combined chemotherapy (p=0.018 and p=0.047, respectively). Howewer, the individual changes (Fig. 10 ), show that in three patients (#1, #2 and #9) IL-10 levels produced by stimulated PBMC were reduced after two cycles, with concomitant enhanced production of IL-12p70 and IFN-Á in two (#1 and #2) and in one (#1) of them, respectively. 
-----------------------------------------------------------------------------------------------------
Discussion
Accumulating data suggest that clinical outcome can be improved by combining standard cancer care with active immunotherapy (29) (30) (31) (32) (33) . Although conventional chemotherapies are believed to suppress the immune response with a negative cumulative effect on the function of nonmalignant tissues and the immune system, previous studies have characterized their potential immunomodulating properties (22, 24, 25, (34) (35) (36) .
In the present study we investigated the effect of surgical resection and a combined chemotherapy regimen, including cisplatin, gemcitabine and 5-FU, on a number of immunological parameters in pancreatic carcinoma patients; to the best of our knowledge we included more parameters than any prior study. We expected the follow-up to provide some new information that might be utilized in developing a future rational strategy for the integration of standard cancer treatment with immunotherapy in this deadly disease. To validate any possible deviations from the norm and the methods used we also included normal control subjects.
Lymphocytopenia, decreased CD8
+ T cell frequency, and an increased proportion of CD3 + /CD95 + lymphocytes constitute the baseline immunologic abnormalities in the study population of pancreatic carcinoma patients. On the contrary, immunophenotype analyses showed that the B-cell and NK compartments remain intact.
From the immunotherapy perspective, it appears that a loss of CD8 + cytotoxic effector cells in association with very high proportions of CD95 + T cells that are potentially sensitive to apoptosis might foil attempts at strengthening antitumor responses in pancreatic carcinoma patients. The presence of spontaneous apoptosis-prone T cells in the peripheral circulation of cancer patients has been reported (37) .
The malfunction of T lymphocytes may also be a secondary event occurring in these patients. Since T lymphocytes are activated by DC, functional abnormalities of these cells may be one of the main reasons for immune dysfunction. In agreement with previous studies (20) , we found in general a defective allostimulatory function of DC generated ex vivo from pancreatic carcinoma patients. In different tumor types, numerous DC regulatory cytokines have been identified, which adversely affect the antitumor immune response; these include vascular endothelial growth factor (VEGF), IL-10, TGF-ß and IL-6. Some of these cytokines are produced by human tumor cells, while others are not only produced by the tumor cells but also induced systemically by tumor cell-derived products (38) . In a previous study we identified an array of pancreatic carcinoma-derived cytokines that cooperatively affect DC activation in a manner consistent with ineffective antitumor immune responses (20) . Moreover, similarly to our findings in that study (20) , a relative decrease in the percentage of the CD11c + MDC subsets in the peripheral circulation of pancreatic carcinoma patients compared to healthy individuals was also observed in the present study. MDC predominantly polarize towards the Th1 cell differentiation whereas the CD123 + PDC subset is capable of inducing Th2 cell differentiation and, in some instances, T cell hyporesponsiveness or anergy (39, 40) . These results thus suggest that pancreatic cancer development, presumably through tumor-derived secreted cytokines, induces a systemic MDC/PDC imbalance in the host, with detrimental effects on antitumor immune responses. This is consistent with other studies in different tumor systems. For example, in squamous cell carcinomas of the head and neck, markedly lower numbers of circulating DC cells with myeloid characteristics (MDC) have been observed (41) . Similar results have been reported for early Table III . Effect of chemotherapeutic treatment on NK and LAK cytotoxic activity. ----------------------------------------------------------------------------------------------------- a Number of patients evaluated.
b Median (range). P vs. pretreatment values (time 0). Only differences statistically significant are presented.
- Figure 9 . Effect of chemotherapy on NK and IL-2 induced LAK cytotoxic activity. The percentage of specific cytotoxicity against sensitive tumor targets for each patient studied during the courses of chemotherapy are shown.
breast cancer, which is characterized by significant decreases in MDC (42) . NK cells are part of the innate immune system and are considered to be important players in the first line of defense against malignancies. IL-2-induced LAK cells, which are an expansion of MHC-unrestricted NK and killer T cells, have been clinically exploited in an effort to improve antitumor activity (43) . However, no major benefit was reported for LAK protocols; moreover, systemic cytokine treatments utilized as an alternative approache in the hope of overcoming the limitations of original immunotherapies have not increased therapeutic efficiency, and caused severe toxic side effects (44) .
As has been reported in patients with melanoma, breast carcinoma, bronchial carcinoma, and advanced gastrointestinal cancer (45-48), we found a depressed cytotoxic response of ex vivo IL-2 induced-LAK cells from pancreatic carcinoma patients. In contrast to that reported in patients with lung, esophageal, head and neck or breast cancer (49), we found ex vivo lytic NK cell function to be preserved in pancreatic carcinoma patients. The cytolytic activities of these effector cells are controlled by a variety of receptors which bind to major histocompatibility complex (MHC) class I molecules on target cells and mediate cell activation or inhibition (50) . The loss of MHC class I molecules is a frequent mechanism in experimental and spontaneous tumors, whereby cells escape recognition and destruction by NK and CTL (51) (52) (53) . Altered expression of MHC Class I has also been reported in pancreatic cancer cells (13) .
Cytokines secreted by white blood cells play a key role in the regulation of innate and adaptive immune responses: cell-mediated immunity is preferentially activated by type 1 cytokines, including IL-2, IL-12, IL-15, and IFN-Á, whereas type 2 cytokines (IL-4, IL-5, IL-6, IL-13 and IL-10 in particular) have a suppressive action on cell-mediated immunity (54) . Our analysis of cytokine levels released by LPS-activated PBMC and anti-CD3-stimulated T lymphocytes from pancreatic carcinoma patients revealed an elevated production of IL-10 and of total IL-12p40, and an impaired production of IL-12p70 and IFN-Á. IL-10 is a potent immunosuppressive cytokine, which inhibits T cell activation and Th1 cell differentiation. We and others have found elevated IL-10 serum levels in pancreatic carcinoma patients (15, 19, 55) .
Bioactive IL-12p70, composed of two disulphide-linked subunits designated p35 and p40, is a potent DC-derived cytokine capable of Th1/T cytotoxic skewing and activation, as the main stimulator of IFN-Á production (56, 57) . By contrast, the p40 subunit of IL-12, often made in excess, can dimerize to form a homodimer that can act as an IL-12p70 antagonist, by competing at their receptors on lymphocytes (58) ; it can also pair with p19 to form IL-23 (59) . IL-23 has been shown to promote the up-regulation of the matrix metalloprotease MMP9, to increase angiogenesis and to reduce CD8 + T cell infiltration in the tumor environment (60) . The role of IL-23 in pancreatic carcinoma is yet to be elucidated.
Given the role played by the immune system in tumor biology, our attention was also focused on the clinical application of our findings. We found that, among the immunological parameters, only IL-12p70 levels were correlated with survival. This is consistent with the crucial role played by this cytokine, which not only acts as a key regulator of cell-mediated immune responses through induction of Th1 differentiation and activation of DC (56,57), but also induces Table IV . Effect of chemotherapeutic treatment on the spontanoeous, LPS-and anti-CD3-induced production of cytokines by PBMC and PBL. 
Number of patients evaluated. P vs. pretreatment values. Only differences statistically significant are presented.
-----------------------------------------------------------------------------------------------------
an antiangiogenic program mediated by IFN-Á-inducible genes and by lymphocyte-endothelial cell cross-talk (61) .
Surgical resection of localized disease remains the only hope to cure pancreatic cancer. However, curative surgery is praticable only in a small group of patients; it is widely viewed as a complex procedure associated with considerable perioperative morbidity and mortality and the disease usually recurs.
The existence of a postoperative immunosuppression cascade triggered by surgical stress, consisting of increased immunosuppressive cytokines, decreased in helper and cytotoxic T cell populations and the development of suppressor T cells has been reported (62) . However, one month after surgery, we found no significant changes in the number of circulating lymphocytes, with the exception of a marked decrease in frequency of the cell subset coexpressing CD3/ CD95. These data strongly suggest that pancreatic tumor cells may contribue to eliminating antitumor effector cells through a FasL/Fas interaction, as has been demonstrated in vitro (17) .
The role of tumor cells in controlling the immune response in pancreatic cancer patients was further stressed by the finding that, after tumor resection, the production by stimulated PBMC and T cells respectively, of Th1 type cytokines (such as IL-12p70 and IFN-Á was significantly enhanced; the capacity of DC was also improved, in agreement with a recent study (63) . A tendency to increased NK and LAK cytotoxicity was observed, but it failed to reach statistical significance. As the majority of patients with pancreatic carcinoma have a poor prognosis after curative resection, these data show that early (one month) surgical removal of the tumor may exert some beneficial effects on the immune system that may be boosted by active immunotherapies aimed at activating antitumor immune responses.
Systemic chemotherapy still remains a standard of care for the treatment of patients with locally advanced and metastatic pancreatic cancer. Single therapy (5-FU or gemcitabine) to date has failed to demonstrate a clinically significant impact on the clinical course of pancreatic cancer (64) . Studies have suggested that double/triple-drug combination regimens have superior antitumor effects compared with single agent alone (4, (65) (66) (67) . A combination of cisplatin, gemcitabine and infusional 5-FU was used in the treatment of locally advanced or metastatic pancreatic cancer patients enrolled in this study. This schedule was found in a phase II study to be well tolerated and active against pancreatic cancer (27) .
The present study showed that, after two cycles of the combined treatment, the percentage of circulating CD4 + subset increased. These cells were shown not to belong to the CD4 + CD25
+ /Foxp3 + T regulatory cell subset, since we have found that these suppressor cells actually decrease (unpublished data). CD4 + Th cells, and in particular IFN-Á-secreting Th1 cells, which commitmently rely on the local production of bioactive IL-12, have been shown to fulfill a critical function in the mounting of a cancer-specific response (68) . We found that, at least in some patients, IL-12p70 and IFN-Á production by stimulated cells was enhanced after the second cycle. An increased percentage of CD4 + has also been found in subjects with pancreatic carcinoma after treatment with gemcitabine as single agent (69) .
Of note, we also observed a measurable decrease in PDC cells in pancreatic carcinoma patients after the first and/or second course of chemotherapy. Even if no significant DC functional recovery was concomitantly found, probably due to the limited series, it appears clear that the combination of cisplatin, gemcitabine and FU-5 can be administered to patients with pancreatic cancer without relevant loss of DC precursors and function.
Human tumor antigens recognized by T cells have recently been identified in various cancers, including pancreatic cancer (70) . The direct cytolytic effect of cytotoxic drugs, such as cisplatin, gemcitabine and 5-FU, can enhance antigen presentation by inducing tumor cell apoptosis. No studies on the effect on DC function of the three-drug combination used in this study were available. However, it has been demonstrated that in vivo gemcitabine, used as single agent, by inducing apoptosis, may increase the cross-presentation of tumor antigens to CTL by intratumoral DC and may enhance the effectiveness of the DC-based vaccine by augmenting the effectiveness of immune stimulation through in vivo CD40 ligation and by reducing myeloid suppressor cells (69) .
The three-drug association used here appears not significantly influence the killing ability of NK, that therefore retain their innate potential to recognize tumor cells. By contrast, at certain time points in the treatment cycles (in particular after two or three cycles), the capacity to generate ex vivo functionally-active LAK cells from the PBL of the patients was significantly increased vs. that prior to treatment. The characterization of the biological function of NK cells, in particular in human antitumor immunosurveillance, is still incomplete due to the complexity of activating and inhibiting receptor sets capable of recognising the corresponding ligands on tumor cells. However, epidemiologic surveys have shown that the extent of NK cell activity in the peripheral blood is associated with cancer risk (71) . Moreover, tumors are not uniform in their sensitivity to immune effector cell lysis, and the resistance to cytotoxic activity of immune effector cells plays a key role in therapy failures in many tumors. LAK cells, originally used in antitumor cellular immunotherapy because of their ability to recognize and kill tumor cells with little consideration for immune specificity, have not provided the positive results that were hoped for regarding their clinical effectiveness. The results of our study suggest an improved form of this therapy in combination with antitumor drugs.
Several lines of evidence suggest that 5-FU and cisplatin can induce killer cell activities having an antitumor effect in cancer patients (72) (73) (74) (75) (76) . The activity might also occur on the part of tumor cells since cisplatinum, gemcitabine and 5-FU have been shown to increase the susceptibility of tumor cells to immune effector cells (NK cells or CD8 + CTL) (72, (77) (78) (79) (80) . All these mechanisms offer numerous opportunities for potential therapeutic synergy with tumor vaccines.
Recently it has been suggested that chemotherapy might improve the immune function by reducing the levels of immunosuppressive cytokines produced by cancer cells (81) . In comparison with the pre-treatment conditions, we found no significant changes in LPS-induced IL-12 total p40 and p70 by PBMC, nor in anti-CD3-induced IFN-Á release by T cells. The small number of patients and the marked inter-individual variability in the parameters measured, might contribute to the lack of statistical significance. Overall, a significant decrease in both spontaneous and LPS-induced IL-10 production occurred at time point 4 after combined chemotherapy. At the individual level, in two patients this reduction paralled a significantly enhanced production of IL-12p70 and IFN-Á. These data suggest that triple therapy with cisplatin, gemcitabine and 5-FU does not inhibit Th1-cell activation nor their ability to produce Th1 cytokines, but may depress Th2 cell activation and their ability to produce Th2 cytokines, such as IL-10.
Data indicating that gemcitabine may inhibit Th2-and specifically augment Th1-type immune responses in cancer patients has recently been reported (69) . Since the current standards of treatment are ineffective for many patients with advanced pancreatic cancer, the potential benefits of a combination with immunotherapy appears to be a promising approach that should be further examined.
Overall, the findings from this pilot study show that neither specialist surgical resection nor cisplatin + gemcitabine + 5-FU combined chemotherapy are detrimental to cellular antitumor immunity, and may even positively influence the immune system. This suggests that it may in future be possible to rationally combine active immunotherapy with these therapeutic modalities, capitalizing on an additive or even a synergistic activity. We found that, especially chemotherapeutic treatment at certain points, by altering the immunologic milieu in which the antitumor immune response develops, can potentiate the vaccine-induced immune response. It is unclear whether the drug combination used here is unique in its immunomodulatory properties or whether the effect is shared by the individual drug when used as single agent. However, the immunological changes observed indicate specific and precisely-timed windows of opportunity for introducing immunotherapy with the possibility of improving cure and survival rates in a highly lethal disease. Timing thus appears to be crucial: surgery and/or chemotherapy closely followed by immunotherapy seems to be the most appropriate modality in pancreatic carcinoma.
However, the interaction between therapies is clearly a finely balanced one. Careful preclinical studies are essential for designing the most informative clinical trials, ensuring that tumor vaccines are effectively integrated with standard cancer care to improve clinical outcome.
